ABSTRACT: Four experiments were conducted to evaluate lipid digestibility in finishing swine fed chemically hydrogenated fats. Dietary chromic oxide was used as an inert marker to measure the apparent digestibility of supplemental fat (SF) that consisted of fully hydrogenated (FH), partially hydrogenated (PH), or PH products blended with other fat sources. In Exp. 1, diets containing 5% SF (as-fed basis) comprising 100, 66.7, 33.3, or 0% FH animal fat (iodine value = 2.5), with the balance contributed by soy oil, were fed to gilts (n = 24). Apparent digestibility increased linearly (−12.0, 26.0, 61.2, and 72.6%; P < 0.001) as the amount of FH fat in the diet decreased, suggesting the digestibility of FH to be near zero. Experiment 2 (2 × 4 factorial; n = 48) evaluated diets containing 5% (as-fed basis) blended fat (FH tallow and yellow grease) to achieve iodine values of 20, 30, 40, or 50 compared with PH tallow with identical iodine values. Digestibility of diets
Introduction
The combination of extreme leanness in pigs and diets composed of ingredients that contain PUFA can result in soft fat composition of pork carcasses (Averette Gatlin et al., 2002) . Indeed, the fatty acid profile of pork carcass fat reflects the relative contribution of each dietary fat source as well as the fatty acids from de novo lipogenesis (Seerley et al., 1978; Miller et al., 1990; Madsen et al., 1992) . Therefore, supplementation of swine diets with saturated fats should decrease the 1 1890 formulated with PH tallow was greater than those containing blended fat (73.4 vs. 67.2%; P < 0.01), especially at lower iodine values (interaction; P < 0.10). In Exp. 3, digestibility was measured in pigs (n = 96) fed 5% (as-fed basis) PH choice white grease with iodine values of 20, 40, 60, or 80. Increasing iodine value did not alter digestibility (66.2, 69.2, 68.2, and 69.7%). Experiment 4 investigated digestibility (n = 32) of diets formulated with 8% (as-fed basis) PH fat (iodine value 20 or 50) with 0.10% lysolecithin as an emulsifier. Lipid digestibility was 14.5% greater in the 8% SF diet with an iodine value of 50 compared with the diet with an iodine value of 20 (79.15 vs. 69.12%; P < 0.001), but lysolecithin was without effect. These experiments indicate that partial hydrogenation is superior to blending unsaturated fat with saturated fat sources and that digestibility is not greatly affected by decreasing the iodine value via partial hydrogenation.
PUFA content and soft fat characteristics of pork. Nonetheless, only a small volume of tallow and other saturated fats are locally available in Southeastern states; thus, substantial supplies of highly unsaturated restaurant grease are used in swine diets in this region (Hansen, 2001 ). We sought an alternative to the use of saturated animal fats that would be more widely available geographically.
Catalytic hydrogenation has been used for over a century to convert vegetable oils to semisolid fats by reducing the PUFA content (Emken, 1984) . Because hydrogenation can modify the melting point of fats, digestibility of chemically altered fats is a concern. In addition, the process may alter fatty acids without regard to location on the glyceride backbone. This difference has the potential to affect digestibility because fatty acids are preferentially hydrolyzed by pancreatic lipase at the 1-and 3-position of triacylglycerols, with little hydrolysis of the fatty acid at the 2-position (Brindley, 1984) . Thus, our objectives were to evaluate the digestibility of hydrogenated fat supplements varying in degree of saturation and to evaluate the effects of adding emulsifier to maximize the nutritional value of chemically modified animal fat to improve carcass fat quality.
Materials and Methods

Experiment 1
Market gilts (n = 24) from PIC 406 sires by PIC C22 dams were delivered to the North Carolina Swine Evaluation Station at 62 ± 0.8 kg. Animals were fed a diet (Table 1) containing 5% soy oil for 3 wk before allotment (average 80 kg). After adaptation, pigs were blocked by initial BW and allotted (one per pen) to one of four diets varying in PUFA content for 8 wk. All diets contained 5% added fat, composed of 100, 66.7, 33.3, or 0% soy oil (Cargill Inc., Fayetteville, NC). The balance was provided by fully hydrogenated tallow (Patrick Cudahy, Cudahy, WI), which was mixed into the diet separately from the oil (Table 2) . Diets were formulated to contain 0.82% lysine and 3,584 kcal of ME/kg.
Experiment 2
Barrows and gilts (n = 48; n = 6 per treatment) were delivered to the North Carolina State Swine Educational Unit and allowed 1 wk to acclimate to the facility. Pigs (80 ± 1.1 kg) were individually housed, blocked by gender, and assigned randomly to one of eight dietary treatments according to a 2 × 4 factorial arrangement of treatments in a randomized complete block design. Dietary treatments (Table 3 ) varied in iodine value and hydrogenation method and were fed for 6 wk. Diets contained 5% supplemental fat with an iodine value of 20, 30, 40, or 50, which was reached by partial hydrogenation of tallow or by blending a fully hydrogenated fat (tallow; iodine value = 2.5) with an unsaturated fat (yellow grease). Fatty acid composition of supplemental fats is shown in Table 4 . 
Experiment 3
Barrows and gilts (n = 96; 76.8 ± 0.8 kg; one per pen) were fed 5% choice white grease (partially hydrogenated to an iodine value of 20, 40, 60, or 80) for 52 d according to a 4 × 2 × 2 factorial randomized complete block design involving two genders, two genotypes (PIC vs. National Pig Development), and four diets ( Table  5 ). The study was blocked according to initial BW and location within the building. The diets were formulated to 0.79% lysine and 3,573 kcal of ME/kg. Detailed fatty acid profiles of all supplemented fats are shown in Table 6.
Experiment 4
Thirty-two gilts (n = 8 per treatment; 113.5 ± 1.5 kg) were allotted randomly (one per pen) to one of four dietary treatments (Table 7) for a period of 19 d. Diets were formulated to contain 8% supplemental fat from partially hydrogenated choice white grease with an iodine value of 30 or 50 (fatty acid composition shown in Table 8 ). Emulsifier was added to two of the diets in the form of 0.10% lysolecithin (Lysoforte PC, Kemin Industries, Inc.) at the expense of corn.
Live Animal Care and Measurements
All animal procedures were approved by the Institutional Animal Care and Use Committee of North Carolina State University. Pigs and feeders were weighed at the start and end of the experiments, and feed allotments were weighed daily to determine ADG, ADFI, and G:F. Feed and water were available ad libitum for all experiments.
Digestibility Determination
Diets contained chromic oxide (ranging from 0.10 to 0.24%) as a digestibility marker, which was included in the diets for a period of 5 to 7 d before fecal collection. Digestibility was calculated using the marker-ratio method in all experiments. Due to inherent limitations of the marker-ratio method using chromic oxide to determine apparent digestibility (Jagger et al., 1992) , we have used this method primarily to describe relative relationships between treatments, and we do not intend for the resulting numerical values to be considered as exact digestibility values for those fat sources. Fecal grab samples were collected from one pig per pen by removing the pig from the pen for 15 to 30 min. The Table 8 . samples were collected from each pig over three consecutive days. Samples were composited by animal, dried at 55°C for 48 h, and analyzed for Cr concentration by atomic absorption spectrophotometry according to Williams et al. (1962) and for total fat by ether extraction (AOAC, 1996) . Acid was added to the ether for extraction of fecal samples to solubilize mineral fatty acid soaps (Skuhija and Palmquist, 1988) . Feed samples also were obtained from each feeder and analyzed for Cr and total fat by the same procedures.
Fatty Acid Analysis
Lipids from supplemental fat samples were isolated and extracted in duplicate following the method of Averette Gatlin et al. (2002) . Methyl ester standards were used to identify sample FAME. Integration software (Millenium, Waters, Inc.) was used to calculate the proportion of each fatty acid present. Iodine value was calculated using the following equation (AOCS, 1998): iodine value = C16:1 (0.95) + C18:1 (0.86) + C18:2 (1.732) + C18:3 (2.616) + C20:1 (0.785) + C22:1 (0.723).
Statistical Analyses
All analyses were conducted using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC). Least squares treatment means were obtained assuming fixed models that included the effects of block and treatment (with orthogonal polynomial contrasts) for Exp. 1, and the effects of block, iodine value, hydrogenation method, and iodine value × hydrogenation method interaction for Exp. 2. In Exp. 3 the model included block, diet, gender, and genotype and their interactions. Contrasts were used to test linear and quadratic effects of diets. In Exp. 4, the model included iodine value and emulsifier treatment. Unless otherwise noted, treatments were considered significantly different at P < 0.05. Table 4 for iodine value (IV) computational formula.
Results
Experiment 1
As the amount of fully hydrogenated animal fat in the diet decreased, digestibility increased linearly (P < 0.001; Figure 1 ). The ADFI increased linearly (from 2.8 to 3.3 kg/d) as the proportion of saturated fat in the diet increased (from 0 to 100% of the supplemented fat), suggesting that the fully hydrogenated fat was poorly digested (Figure 1) . In further support of this suggestion, G:F decreased linearly (from 0.31 to 0.26; P < 0.05); however, growth rates were not affected (see Averette Gatlin et al., 2002) . Table 4 shows that for any given iodine value, the blended fats were higher in saturated fatty acids, but also higher in PUFA than the corresponding partially hydrogenated tallow, despite similar iodine values. In each case, the partially hydrogenated tallow had a correspondingly higher concentration of monounsaturated fatty acids. Apparent lipid digestibility of diets ( Figure  2 ) containing partially hydrogenated tallow was 9.2% greater than the corresponding diets containing blended fats (P < 0.01). Furthermore, there was a tendency for digestibility to decrease with decreasing iodine value in blended fats. In contrast, over the range of iodine values studied, we were unable to detect any effect of decreasing iodine value on the fat digestibility of diets containing partially hydrogenated fat (interaction trend; P < 0.10). Average daily gain (0.97 kg), ADFI (2.49 kg), and G:F (0.39) did not differ among pigs receiving feed that contained partially hydrogenated fat or fat blended to iodine values ranging from 20 to 50. 
Experiment 2
Experiment 3
A decrease in lipid digestibility was not detected as the iodine value of supplemental fat was decreased (Figure 3) . In this experiment, increasing the saturation of the partially hydrogenated animal fat did not affect ADG (1.07 kg), ADFI (3.05 kg), or G:F (0.35). No differences due to genotype or gender were observed.
Experiment 4
Digestibility was 14.5% greater in the diet containing 8% supplemental fat with an iodine value of 50 com- pared with the diet supplemented with fat with an iodine value of 30 (P < 0.001; Table 9 ) and the diet saturated fatty acid content was 43% lower in the diet with an iodine value of 50. This improvement in the digestibility of the less saturated fat (iodine value 50) contrasted with the results of Exp. 3, which showed no detectable effect of iodine values within this range. The difference in fat digestibility in this study (Exp. 4) without congruent changes in growth and performance could be due to the shorter duration of the study (19 d) . Moreover, the previous study evaluated performance on 240 animals (see Averette Gatlin et al., 2003) , whereas this experiment evaluated only 32 pigs, which would greatly decrease the ability to detect statistical differences in growth. Furthermore, emulsifier addition did not affect ADG (1.03), ADFI (3.12 kg), G:F (0.33), or digestibility (Table 9 ).
Discussion
Because the fatty acid content of pork carcasses is reflective of the relative contribution of each fatty acid source, increasing the saturated fatty acid content of the diet can increase the saturated fatty acid content of the carcass (Averette Gatlin et al., 2002) , which in turn may have favorable effects on pork processing characteristics. Nonetheless, saturated fats are known to be less well digested (Stahly, 1984; Wiseman et al., 1991; Azain, 2001) . Therefore, this series of experiments was designed to evaluate the digestibility of an alternative fat source: chemically hydrogenated animal fat.
The hydrogenation process has been used for many years to convert liquid oils to semisolid fats (Emken, 1984) . Basic steps in the hydrogenation process include pumping of source fat or oil into the heated reaction vessel, addition and mixing of the catalyst material (typically nickel) with the oil, pumping in hydrogen, and lastly hydrogen removal, catalyst filtration, and clean-up of the final product (Bockisch, 1998) . The reaction temperature, time, catalyst type and specificity, and hydrogen pressure are several of the factors that may be altered to lead to different types of products or product properties. The resulting fat products have an altered fatty acid composition due to saturation of double bonds and isomerization that can occur during the process. One crude method used to describe the saturation level of fat products is iodine value, defined as grams of iodine bound per 100 g of fat. A fat with a low iodine value is more saturated than a fat with a high iodine value. Because the iodine value does not distinguish between the location of the double bonds or degree of isomerization, it is possible to have two fats with the same iodine value that are structurally different because of the intramolecular distribution and location of the double bonds. For example, one triacylglycerol can have two saturated fatty acids and one highly unsaturated fatty acid, whereas another triacylglycerol could have three monounsaturated fatty acids, yet both Iodine value main effect, P < 0.001.
could have identical iodine values. Thus, two fats with similar iodine values could vary considerably in digestibility. We examined this possibility in Exp. 2 by comparing the digestibility of fats that were partially hydrogenated to a desired iodine value or created by blending an unsaturated source of triglycerides with a fully hydrogenated triglyceride source to achieve the same endpoint iodine value. This difference has the potential to affect digestibility because fatty acids are preferentially hydrolyzed by pancreatic lipase at the 1 and 3 position of triacylglycerols, with little hydrolysis of the fatty acid at the 2 position (Brindley, 1984) . Despite this, however, Emken (1984) discussed several studies on absorption in animals and humans and concluded that consumption of hydrogenated oils with altered melting points, double-bond positions, configurations, and cis/ trans positional isomers did not affect absorption. In contrast to previous reports, our studies revealed that complete saturation of animal fat by chemical hydrogenation clearly produced an indigestible fat supplement (Exp. 1). This fat source was hydrogenated almost completely, unlike the partially hydrogenated fats used in the subsequent experiments. The fatty acid composition ( Table 2 ) would indicate that this fat product had a melting point greater than body temperature, which was supported by evidence of visible fat flakes found in the fecal material of pigs from Exp. 1. Tullis and Whittemore (1980) evaluated the digestibility of fully hydrogenated tallow in growing pigs. The tallow supplemented in that study was provided in flake form, which can be handled easily compared with liquid fats when mixing diets. Pigs were fed diets containing 5% fully hydrogenated tallow for a 10-d period compared with pigs receiving diets that did not contain the tallow. Fecal ether extracts from pigs consuming the fat flakes were significantly higher, and these authors also observed undigested flakes in the fecal material. Tullis and Whittemore (1980) concluded that the high proportion of C18:0 fatty acid in the hydrogenated tallow was likely responsible for the poor digestibility. Bailey and Lewis (1965) measured fat digestibilities of 30 to 40% when feeding a completely hydrogated fat (containing long-chain fatty acids). However, detailed examination of the fatty acid content of the supplemented fats indicates that the fats that were supposed to be saturated (tristearin) also contained unsaturated fatty acids. Bailey and Lewis (1965) recognized this and cited the work of Renner and Hill (1961) , indicating that the digestibility of free palmitic and stearic acids are −1 and −2%, respectively. The difference between their results and the −12% digestibility for the fully hydrogenated fat diet in our study is likely due to inherent limitations of the marker ratio method using chromic oxide to determine apparent digestibility (Jagger et al., 1992) . The method is reasonable for measuring relative differences among treatments, especially because we also were interested in performance data that would be applicable to the commercial industry. As noted by de Souza et al. (1995) , other methods such as total collection and apparent ileal digestibility do not allow for accurate measures of performance.
To examine further the implications of an apparent negative digestibility, we considered situations that might result in a greater fecal fat content than the dietary fat content. Several possibilities exist that would lead to such an endogenous fat loss including decreased reabsorption of bile fatty acids and normal sloughing of intestinal endothelium. Another possibility described by Jorgenson et al. (2000) is that fat digestibilities change with the level of dietary fat due to changes in the ratio of dietary intake to endogenous loss; however, the actual intake for the fully hydrogenated diet in Exp. 1 was 3.42 kg/d, whereas that of the second diet was 3.33 kg/d. This was a difference of 0.9 percentage points (and statistically insignificant), whereas the difference in digestibility was 38 percentage points. The slight increase in intake was likely caused by the pigs responding to a lower digestibility of the fat rather than the higher intake causing an increase in endogenous fat losses. It also should be noted that pigs in this study were acclimated to a soy oil diet for 3 wk before treatments were applied, and it is unknown how the fat saturation level during this time might influence subsequent digestibility of saturated fat. Freeman et al. (1968) determined that saturated fatty acids alone are less efficiently digested and they have a lower potential for micellar formation. When unsaturated fatty acids or monoglycerides are present, the potential for micellar formation of saturated fatty acids increases, thereby increasing absorption (Bailey and Lewis, 1965; Freeman et al., 1968) . The fully hydrogenated fat in Exp. 1 was mixed in the diet separately from the soy oil. In Exp. 2, we melted the fully hydrogenated fat from its flake form and blended it with tallow before mixing into the complete diet and compared that to partial hydrogenation of yellow grease at the same iodine values. These preparation methods resulted in a different outcome for digestibility, thereby supporting the fact that iodine value alone cannot predict the digestibility of a modified fat supplement. Powles et al. (1993) compared the digestibility of several fat sources comprising a wide range of unsaturated fatty acids to saturated fatty acids ratios, as well as fats of intermediary unsaturated to saturated fatty acids ratios formed by blending. When saturated and unsaturated fatty acids are mixed together, an interaction between them may allow for improved digestibility of the saturated fatty acid and result in an increase greater than either fat source alone. However, Powles et al. (1993) found that the digestibility depends more on the degree of fatty acid saturation, and that the digestibility of fat blends is not different from that predicted by the individual fat sources. Data from Exp. 2 support this observation and suggest that partial hydrogenation is superior to blending as a method of producing a more saturated dietary fat for swine diets.
To examine further the digestibility of partially hydrogenated animal fat, Exp. 3 expanded the range of iodine values evaluated (from iodine value 20 to 80). No differences in digestibility were detected in this study, even though dietary saturated fatty acid content increased greatly as iodine value decreased. The hydrogenation process may affect the fatty acid composition of each triglyceride by saturating double bonds and/or altering positional isomers. Davis and Lewis (1969) also studied the effects of different triglyceride structures on digestibility using natural lard, interesterified lard, and tallow. They found that the differences in digestibility were due to differences in the digestibility of saturated fatty acids, which resulted in natural lard having the highest value, with interesterified lard and then tallow following. Palmitic acid is esterified in the α position in tallow, in the β position in natural lard, and a decreased proportion of palmitic acid is found in the β position of interesterified lard (Renner and Hill, 1961 ). Because we did not detect differences in digestibility over the range of fats examined in our experiment, it is possible that chemical hydrogenation produces a variety of fatty acids in the β position that are absorbed as monoglycerides, and that the saturated free fatty acids produced by lipolysis are solubilized in micelles for absorption to a sufficient degree.
Despite the improved digestibility of the partially hydrogenated fat compared with blended fat seen in Exp. 2, we examined the possibility of increasing digestibility further by addition of an emulsifier in Exp. 4; however, we did not detect increases in digestibility due to the addition of lysolecithin. The product was mixed in the dry diet, and it is possible that mixing directly with the supplemental fat as reported by others (Jones et al., 1992; de Souza et al., 1995) and then subsequent addition to the dry diet may have proved more effective. Overland et al. (1993) also investigated the effects of lecithin addition as an emulsifier for growing-finishing pigs. Soy oil was used as the supplemental fat source and did not affect ADG. Lecithin increased G:F and ADG:ME intake during the experiment, but these authors did not determine the digestibility of the soy oil. Overland et al. (1993) hypothesized that different sources of lecithin may have different emulsifying properties that could affect the results of the study, as well as explain the inconsistency of responses in other literature. Most other studies have been conducted with young pigs immediately after weaning. Jones et al. (1992) studied both lecithin and lysolecithin in 17-to 21-d-old pigs in diets containing soy oil, coconut oil, tallow, or lard. Differences were observed in the type of emulsifier added, as well as with fat source. Emulsifier addition resulted in improvements in tallow digestibility but a decrease in lard digestibility. de Souza et al. (1995) examined the effect of lecithin addition to tallow diets fed to 3-wk-old weanling pigs using both the marker (apparent fecal digestibility), apparent ileal digestibility, and total collection methods. In the first experiment, lecithin combined with tallow resulted in an improvement in apparent fecal fat digestibility compared with tallow alone (73.2 vs. 68 ± 5.4%), but ADG and ADFI did not differ. de Souza et al. (1995) found that lecithin addition did not result in an increase in apparent fecal or ileal digestibility in the second experiment. More recently, Xing et al. (2004) noted that lysolecithin supplemented to 21-d-old pigs for 35 d did not affect fat digestibility, although performance was improved when added to diets containing 5% added fat. The improvement in ADG due to lysolecithin did not seem to be related to the digestibility of other nutrients, such as DM, gross energy, CP, and P, because lysolecithin addition resulted in decreased digestibilities of these nutrients (Xing et al., 2004) .
Implications
Iodine value of supplemental fats alone does not predict digestibility. We suggest that partial chemical hydrogenation alters the intermolecular distribution of fatty acids among triacylglycerols compared with blending fats with divergent iodine values, thereby favorably affecting digestibility. Partial hydrogenation of animal fat provides an alternative source of digestible saturated fat that does not negatively affect growth performance; however, caution should be taken when decreasing the iodine value of partially hydrogenated fats because digestibility may decrease at extremely low iodine values.
